In this study, a triple-band suspended microstrip antenna with symmetrical U-slots is proposed for modern wireless communication systems. The antenna is specifically designed to acquire application in WLAN and WiMAX communication. Symmetrical U-slots in the radiator patch increase the number of resonances and improve the gain response. An appropriate air height was maintained between the ground plane and the radiator patch layer for improving bandwidth operation. The impedance characteristics of the antenna are enhanced using probe feeding techniques. The proposed compact antenna is designed on a single dielectric substrate of (30×25×1.56) mm 3 . Parametric analysis of the proposed structure has been realized using IE3D software. This prototype exhibits maximum impedance bandwidth of 750 MHz and gain response of 7.28 dBi. The performance of the structure at three resonating bands i.e., at 3.3 GHz, 3.78 GHz and 5.3 GHz facilitate it to be applicable for WLAN/WiMAX systems.
Introduction
Microstrip antenna offers extensive applications in wireless communication systems due to its low profile, light weight and ease of integration with the RF/Microwave systems [1] . Lately, many researchers have drawn their attention towards the design of compact microstrip antennas which can operate over a wide range of frequencies. In some cases it is desirable to incorporate a single antenna which can support two or more applications simultaneously. These types of antennas are referred as "Multiband" antennas; particularly, multi-frequency antenna for multi-standard communication.
In 1978, G.G. Sanford [2] introduced the concept of using a microstrip antenna for achieving multiple resonances. Later, many authors [3] [4] [5] worked on the same concept and developed several multiband antenna models. S. Long and M. Walton [3] , investigated a stacked circulardisc printed-circuit antenna for dual-frequency behavior. Single-feed microstrip antenna using multi-element radiator patch with a common input point was invented by C. kaloi [4] in 1981. A single-element microstrip antenna with shorting pins was investigated for dual-frequency operation [5] . However, narrow impedance bandwidth is a major disadvantage of using a microstrip antenna. Various techniques can be found in literature to overcome this problem. In [6] , the authors used CPW feeding technique to enhance the impedance bandwidth of patch antenna. X.L. Sun, et al. [7] proposed a patch antenna structure with compact radiator patches which covered all the bands of WLAN i.e., 2.4/5.2/5.8 GHz with better impedance bandwidth characteristics. Use of meander lines [8] and PIFA related miniaturized antennas [9] are also found in literature for the same purpose. However, introduction of Uslots on patch antenna is a very popular method to achieve wideband characteristics. In 1995, T.Hyunh [10] first introduced U-slots on microstrip antenna and increased the impedance bandwidth up to 10-30 %. Later, several research works have been carried out using U-slots to obtain wideband characteristics [11] [12] [13] . Also, these U-slots create discontinuities in the current flow path, thus creating multiple paths for current flow of the patch surface. This enables the microstrip antenna to show multiband behavior.
This work focuses on designing a compact patch antenna with simple structure which can operate in both WLAN (5150 MHz-5350 MHz) and WiMAX (3.2-3.8 GHz and 5.2-5.8 GHz) bands with good impedance bandwidth and good boresight gain. Some of the previously reported antenna structures in the literature are compared with the proposed antenna in Table 1 .
In this paper, a triple-band microstrip antenna with symmetrical U-slot and two half U-slots is investigated. The multi-resonance characteristics are achieved by introducing U-slots at appropriate positions with respect to the feeding point, which enables the antenna to first resonate at 3.3 GHz and later at 3.78 GHz, 5.3 GHz. The antenna patch is placed above the ground plane by maintaining a suitable air height in between the two layers to enhance the antenna performance. The impedance characteristics of the antenna are enhanced using probe feeding techniques. The antenna yields a maximum impedance bandwidth of 750 MHz with the maximum gain response of 7.28 dBi by optimizing the air layer height and the dimension of U-slot. A parametric study of various factors of the proposed antenna structure is executed. The simulation results obtained were validated with experiment and both the results match well. As observed in Table 1 , the proposed antenna exhibits better performance with compact size. However, the said antenna with these unique and better characteristics, as compared to the literature, is proposed for Wi-MAX / WLAN communication. 
Design and Analysis of Antenna Structure
The proposed antenna structure is implemented on a single dielectric substrate. A low cost FR4 substrate with a dielectric constant (ε r ) 4.4, substrate height of 1.56mm, loss tangent (tan ) of 0.02 is considered in this study. The cross-sectional view of the proposed structure is shown in Figure 1 . In which, the antenna radiator patch is placed on the top layer with a suitable air height of h 1 from the ground plane. The height caused by the subsequent layer improves the operational bandwidth at specific resonant frequencies (f r ). Below to this air layer a fully conductive copper plate is considered as ground plane. The feeding technique used here is coaxial probe feeding method. The advantage of using this technique is that, the feed point can be placed at any location on the patch as desired. The geometry of the proposed microstrip antenna radiator is shown in figure 2 and the dimension details are given in Table 2 . A microstrip layer of dimension (30 × 25) mm 2 is considered for the designing the antenna geometry. The performance of the antenna structure is optimized by adding U-slots onto it. The step-by-step approach is depicted in figure 2 . The proposed structure is designed by implementing the basic design constraints available in literature [1] . However, the effective dielectric constant can be calculated with equation 1 as this antenna is a multi-dielectric structure; an air layer being one of them [20] .
... (1) Where ; Also, the optimum value of the dimension of the first Uslot can be estimated by using equation 2-4 [21] ;
... (2) ... (3) ... (4) Where c is the velocity of light and is the length due to fringing field. 15.5mm
Effect of 1 st U-slot:
The rectangular suspended patch of dimension resonates at 4 GHz and 5.5 GHz . As we know, the middle band of WiMAX system ranges from 3.2-3.8 GHz, thus the first resonance needs to be shifted back to fall within the specified range. After adding the first U-slot at the appropriate position as depicted in Figure 2a , the resonant frequency shifts from 4 GHz to 3.67 GHz and from 5.5 GHz to 5.39 GHz and this structure exhibits gain response of 5 dBi and 1.1 dBi respectively.
Effect of 2 nd U-slot:
The second half U-slot on the patch is introduced at the back side of the first U-slot with a suitable distance, which was found after numerous full wave simulation analysis [ Figure 2b ]. This gives way to another path for current flow, which enables the antenna to operate over three bands simultaneously; at 3.34 GHz with gain 6.2 dBi, at 3.8 GHz with gain of 6.7 dBi and at 5.3 GHz at 1.5 dBi.
Here, determining the position of the second slot is based on current distribution of the previous structure, i.e. Antenna 1.
Etching of this slot should be at that portion on the patch which shows minimum surface current distribution. Also, it is well known from the basic antenna theory [22] that, fringing effect at the edge is responsible for the radiation mechanism of a patch antenna. Introduction of the slots on the patch provides additional edges, which affects the effective fringing field of the antenna and improves the radiation behaviour of the antenna structure. Thus, the gain response of the structure is a combined effect of patch and the slots.
Effect of 3 rd U-slot:
The same principle discussed in the above section is followed up to add another half U-slot onto the patch which is placed on the opposite side of the second U-slot to enhance the gain of the antenna [ Figure 2c ]. The position of this slot is determined through IE3D optimization With the 3 rd slot dug on the patch surface, number of discontinuities in current flow path increases, which in turn improves the radiation characteristics at those portions of the patch which are liable for the corresponding resonant frequencies. Finally, the proposed antenna resonates at 3.3 GHz, 3.78 GHz and at 5.3 GHz with gain 7.28 dBi, 6.95 dBi and 4.5 dBi respectively.
The surface current distribution of the designed antenna at each resonant frequency is demonstrated in Figure 3 . Also the respective colour pallete is placed alongside it. On the antenna patch, existence of red colour indicated maximum flow of current in the corresponding portion. It is observed that, the density of current flow is maximum near the edge of different U-slots present on the radiator patch. In Figure  3 , the current density near the U-slots varies at each instance; which indicates, the edge excitation due to the corresponding slots contributes to the respective resonant frequency as demonstrated in Figure 3a , b, c. 
Parametric Study of the Proposed Structure
As discussed, the proposed antenna is introduced with multiple parameters to boost the antenna performance. So the parametric analysis has been investigated to conclude best antenna characteristics. The detailed study by optimizing different parameters of the said structure is reported in below section.
Effect of Air Height Variation
In this study, the air layer is introduced deliberately to yield wideband response in desired resonating band. In addition to this the slot architecture improves the gain response of the designed microstrip antenna. This concept has been observed and validated through full wave simulation study as charted in Table 3 . The parametric study clearly indicates that, the change in air height has an impact on impedance matching and gain of the patch antenna. To maintain a trade-off between these two characteristics, the air height has been chosen as 4.43 mm.
Effect of Slot Dimension Variation
An experimental analysis has been carried out by optimizing the length of the U-slot. The experimental result shows a negligible effect on gain response, but the return loss characteristics vary accordingly as depicted in Figure 4 .
Figure 4
Return loss characteristics with different U-slots.
Effect of Probe Feed Position
The excitation angle mainly depends on the feed point position where the probe is connected. The angle of excitation changes the electrical property of the radiator patch which noticeably changes the characteristics of the designed antenna. The electric distribution on the designed radiator is changed due to change of feeding location. This concept has been validated through the simulation study as recorded in Table 4 . Primarily for the reference purpose the center of the patch is assumed to be at (0, 0) on XY-plane. Later, relocation of the feeding point significantly affects the performance of the designed suspended antenna. 
Results Discussion
Proposed antenna design is simulated with Hyperlynx EM simulator IE3D software and the results obtained are discussed here in this section. Figure 5 shows the reflection co-efficient (S 11 ) comparison of the antenna geometry presented in figure 1 . It has been observed that adding all the slots onto the radiator patch leads to achieve a good return loss (│S 11 │). With the use of Antenna 1, dual-band operation can be performed while the use of Antenna 2 and Antenna 3 exhibits triple-band operation. The proposed microstrip antenna module was fabricated, in which the antenna geometry is designed on the top of the dielectric substrate. As discussed in the design section, the fully conductive ground plane is designed using a thin copper plate. The SMA connector is placed beneath the ground plane, wherein the feed line is extended and connected at the specified position. The radiator patch is suspended above the ground plane with suitable air height as discussed. Proper alignment of the said layers turns out best measurement results. The co-axial signal cable is connected to the antenna via SMA connector. The final fabricated prototype is shown in figure 6 ; figure 6(a) shows the top view and figure 6(b) shows the cross section view of the fabricated module. The design approach is observed and simulated at each step, it is noticed that the patch exhibits a better impedance matching with more number of slots digged on it and this variation with the number of slots is depicted in Figure 5 . Also, this proposed structure exhibits a good gain response at the resonance frequencies as shown in Figure 7 . A comparative study has been carried out using the different antenna configurations as shown in Figure 2 . The gain response of antenna 1 is around 5 dBi, which is plotted in dotted line. In the second iteration, by using antenna 2 configuration the gain response is enhanced up to 6.5 dBi which is plotted on dash line. Further the gain response is improved up to 7.28 dBi using antenna 3 configuration which is shown in solid line as plotted in Figure 7 .
Figure 7
Gain response of the proposed antenna.
The iterative optimization of the antenna geometry using half U-slots yield better gain response ( 7.28 dBi at 3.3 GHz, 6.95 dBi at 3.78 GHz and 4.6 dBi at 5.3 GHz ) than the previous two configurations.
Figure 8 Measured and Simulated Return loss characteristics of the suggested antenna
The fabricated antenna is connected to a well calibrated VNA (Vector Network Analyzer) to obtain the resonance characteristics of the proposed antenna. It can be observed that measured resonance characteristics agree well with the simulated characteristics, all the three resonances perfectly coincide at the desired resonant frequency. Good agreement of the simulated and measured results is realized as the fabrication of this structure followed the proper photolithographic process. The measured and simulated return loss characteristics of the proposed antenna for WLAN / WI-MAX communication system is plotted in figure 8 . Although the measured result plot shows a minor variation with the simulated result, this variation is negligible. However, both the results show a good return loss at each resonant frequency well below -10dB reference. The results obtained during simulation and measurement process is tabulated in Table 5 . This comparative study confirms the measured return loss is better than the simulated return loss except at first resonance. In the same manner the measured gain response is better than the simulated results at third resonance. The antenna is then placed in an anechoic chamber for the measurement of radiation characteristics. The antenna is fixed on a rotating hand where periodical movement with different angles is carried out. Eventually, the antenna is rotated to different positions with a step angle to measure the E-plane and H-plane radiation power. The copolarization and cross-polarization plots in E-plane and Hplane are plotted in Figure 9 . It can be observed that, at 3.3 GHz the antenna radiates with HPBW of 55 0 in the E-plane; at 3.7 GHz it radiates with 80 0 HPBW and at 5.3 GHz it radiates with 75 0 HPBW towards E-plane. The cross-polarization characteristic of the said antenna is measured by rotating the antenna 90 0 from its copolarization direction. As mentioned the linear polarized antenna is having good radiation in co-pol. direction and very poor radiation in cross-pol. Direction, so the measurement results hold a good agreement with the theoretical point of view. Back-end radiation exists in the proposed antenna as it is a suspended structure [20] . As desired, the co-polarization plot maintains a good -3dB half power beam width and also it is almost 0 dB, whereas the cross-polarization is below the -15 dB reference line.
The observed results during the simulation process match well with the results obtained during the measurement process. However, owning all these characteristics the antenna is proposed for WLAN/ Wi-MAX communication system.
Conclusions
In this paper, a suspended microstrip antenna with U-slots for triple band operation is designed. The resonant frequencies are 3.3 GHz, 3.7 GHz and 5.3 GHz, which can be used for applications for present-day wireless communication like WLAN and WiMAX. The probe feeding technique provides sufficient excitation to the radiator patch at the top layer. The impedance bandwidth as well as gain response is enhanced using the symmetrical Uslots. Maximum of 750 MHz bandwidth is achieved with maximum of 7.18 dBi boresight gain. It has been observed that the probe feed position affects the return loss and gain response. It should be noted that, with better optimization, tetra-band operation can be achieved.
